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BLANK FOR ALTERNATING PSM
PHOTOMASK WITH CHARGE DISSIPATION
LAYER

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a technique for producing,
a high-resolution phase-shift masking photomask, and 1s
specifically directed towards enabling the use of an electron
beam exposure tool to perform the phase level patterning
operation during the mask-making process.

2. Related Art

Photomasks are a key element in the manufacture of
modern integrated circuits (ICs). During lithography process
steps, photomasks are used to transfer an IC layout onto a
waler surface. Each photomask typically comprises a pattern
etched into a pattern layer (typically chrome) on a quartz
substrate, the pattern representing one layer of the IC.
Accordingly, the accuracy of the projected 1mages formed
by the photomask strongly affects the performance of the

final IC.

During a lithography process step, exposure radiation
(light) 1s used to project the pattern in the chrome layer of
a photomask onto a wafer. The chrome layer pattern com-
prises a multitude of tiny apertures 1n the chrome layer. As
the dimensions of modern IC devices continue to shrink, the
chrome apertures must become smaller and smaller, which
leads to 1ncreasing diffraction of the exposure radiation as it
passes through the photomask. This diffraction can cause
projected 1mages from adjacent apertures in the chrome
layer to overlap and merge, preventing the desired pattern
from properly resolving at the wafer surface. Various tech-
niques have been developed 1n an effort to extend the usable
range of optical lithography tools. One of the most important
of those techniques is phase-shift masking (PSM) technol-
0gy.

In a PSM photomask, critical features are defined using,
pairs of complementary features (apertures) in the chrome
layer. The complementary features are configured such that
the exposure radiation transmitted by one aperture 1s 180
degrees out of phase with the exposure radiation transmitted
by the other aperture. Therefore, rather than constructively
interfering and merging into a single 1mage, the projected
images destructively interfere where their edges overlap,
creating a clear separation between the two 1mages. As a
result, the images formed by a PSM photomask can have a
much higher resolution than 1mages formed by a conven-
fional photomask.

To shift the phase of the exposure radiation passing
through a given aperture 1n the chrome layer, a pocket 1s
ctched 1n the quartz substrate at that aperture. The quartz
pocket reduces the thickness of the quartz substrate at the
out-of-phase (“phased”) aperture relative to the quartz sub-
strate thickness at the 1n-phase aperture. The pocket depth at
the phased aperture depends on the wavelength of the
exposure radiation used by the lithography tool in which the
PSM photomask 1s to be used. By precisely configuring the
relative thickness of the quartz substrate at the phased and
in-phase regions, the projected 1images from adjacent aper-
tures can be set to be 180 degrees out of phase.

FIGS. 1A-1F depict a conventional process for creating a
PSM photomask. FIG. 1A shows a conventional photomask
blank 110 comprising an original resist layer 113 formed
over a chrome layer 112, which 1s 1n turn formed over a
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quartz substrate 111. During a primary patterning operation,
an electron beam (“e-beam”) scanner exposes regions 113a
and 113b of original resist layer 113. Exposed regions 1134
and 113b are developed away, leaving patterned resist layer
113 shown 1 FIG. 1B. An etch process 1s then performed,
thereby transferring the pattern 1n original resist layer 113
into chrome layer 112. Original resist layer 113 1s then
stripped away, leaving patterned chrome layer 112 with

apertures 112a and 112b, as shown in FIG. 1C.

At this stage, the entire layout pattern 1s contained in
chrome layer 112. However, to complete the PSM
photomask, quartz substrate 111 must be etched to the proper
depth under the out-of-phase, or “phased”, portion of the
layout pattern. As shown 1n FIG. 1D, a secondary resist layer
140 1s formed over patterned chrome layer 112, and a
portion 140a of secondary resist layer 140 1s optically
exposed during a “phase level patterning” operation.
Exposed portion 1404 1s developed away, and chrome layer
112 1s etched through, as shown 1n FIG. 1E. Thus, the actual
ctching of quartz substrate 111 1s controlled by aperture 1125
in chrome layer 112, 1.e., the purpose of the phase level
patterning operation 1s merely to uncover the appropriate
apertures 1n chrome layer 112. After the quartz etch, sec-

ondary resist layer 140 1s stripped, leaving a basic PSM
photomask 110/ as shown in FIG. 1F.

Once the quartz etch 1s complete, apertures 112a and 1125
are complementary apertures, as the images projected by the
two during a lithography process step will be 180 degrees
out of phase with each other. Aperture 1124 1s designated the
in-phase aperture, whereas aperture 1125 1s designated the
phased aperture. The phase shift of aperture 1125 1s provided
by a pocket 1115 that thins quartz substrate 111 under
aperture 1125. While only a single complementary pair of
apertures 1s depicted, any number could be present 1 an
actual PSM photomask, each of the phased apertures having,
a quartz pocket of depth d.

In this manner, basic PSM photomask 110f 1s configured
to produce properly phase-adjusted 1images at the wafer
surface. However, the pockets formed by the quartz etch
alfect not only the phase, but also the intensity, of the
exposure radiation transmitted by the PSM photomask. FIG.
2 shows how PSM photomask 110f would be used 1n a
lithography process step. PSM photomask 110/ of 1s placed
“upside down” (1.e. with quartz substrate 111 on top) 1n a
stepper (not shown), and exposure radiation from the stepper
projects the pattern in chrome layer 112 onto a wafer (also
not shown). As indicated in FIG. 2, diffraction of the
exposure radiation at phase layer aperture Al starts to occur
at the base of pocket 111b, whereas diffraction at chrome
aperture A2 originates at the surface of quartz substrate 111
(i.e. where aperture A2 meets quartz substrate 111).
Therefore, more of the exposure radiation 1s “lost” inside
quartz substrate 111 at phase layer aperture Al, resulting in
unequally-sized and improperly-spaced projected features.
This phenomenon 1s described 1n detail 1n “Phase-Shifting
Mask Topography Effects on Lithographic Image Quality”
by Pierrat et al., IEDM 92-53, IEEE 1992, herein 1ncorpo-
rated by reference.

To overcome this problem, a post-processing step 1s
typically performed on a PSM photomask after the phase
layer quartz etch. The purpose of the post-processing step 1s
to create an “undercut” beneath the chrome layer by increas-
ing the width of the quartz pockets under the phased
apertures. This undercutting process 1s typically accom-
plished by performing a wet (isotropic) etch on the quartz
layer. For example, after the dry (anisotropic) etch shown in
FIG. 1E, quartz substrate 111 could be wet etched, as shown
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in FIG. 1G (the dry etch depth would have to be reduced to
maintain the final phase-shifting characteristics of the quartz
after the wet etch). The wet etch gives the pocket in quartz
substrate 111 a final width W1, which 1s greater than the
width W2 of the aperture in chrome layer 112, as shown 1n
FIG. 1H. The diffraction effects from the base of the pocket
in the quartz substrate then have much less effect on the
actual radiation transmitted by the aperture in the quartz
layer. This 1n turn allows the intensity characteristics of the
radiation output from the phase layer aperture to more
closely match the characteristics of the output from the
chrome aperture, thereby resulting in 1mproved PSM func-
tionality.

This post-processing step can be performed 1n various
ways. For example, after a dry etch of the quartz substrate
to form the phase layer (as shown in FIGS. 1E-1F), a wet
ctch could be performed on both the phase and pattern
layers, as shown in FIG. 11I. This would produce a chrome
layer overlap at all apertures 1n chrome layer 112, as shown
in FIG. 1J, enhancing the similarity of the transmitted
radiation 1ntensities from those apertures. Alternatively,
after a dry etch of the quartz substrate to form the phase layer
(as shown in FIGS. 1E-1F), a second dry etch could be
performed on both the phase and pattern layers, as shown in
FIG. 1K, to extend the quartz pockets beneath all apertures
in chrome layer 112, as shown 1n FIG. 1L. A wet etch could
then be performed on all those quartz pockets to create the
desired chrome layer overlap, as shown in FIG. 1M. Because
the absolute difference between quartz substrate thicknesses
at both the phase and pattern layers remains unchanged, the
relative phase of transmitted light from both regions remains
the same. At the same time, because the relative difference
between the phase layer and pattern layer quartz cavity
depths 1s reduced (i.e. the ratio between the depths moves
closer to one) the similarity of the transmitted radiation
intensity 1s enhanced.

As noted previously 1n describing FIG. 1D, optical expo-
sure tools are typically used to expose the portions of the
PSM photomask to be etched to form the phase layer.
Optical exposure tools are generally less precise than
e-beam exposure tools (i.e., have a lower resolution and
produce greater corner rounding in exposed images), but
have been acceptable for this secondary, or “phase level”
patterning operation because the actual phase level etch 1s
governed by the existing apertures in the chrome layer. The
patterning operation must merely be precise enough to
uncover the relevant chrome apertures. However, as modern
device geometries continue to shrink, optical tools can no
longer accurately uncover the smaller chrome apertures. For
example, the round-cornered features produced by optical
exposure tools during phase level patterning operation may
“trim” the sharp corners of the chrome layer features formed
by an e-beam exposure tool. The subsequent quartz etch to
form the phase layer would not etch those corners, adversely
alfecting the final performance of the PSM photomask.
Therefore, it 1s desirable to be able to use e-beam exposure
tools for the phase level patterning operation.

Unfortunately, conventional PSM photomask production
techniques cannot readily incorporate an e-beam process for
phase level patterning. As the e-beam tool scans across the
portions of the resist to be exposed, electrons penetrate 1nto
the resist layer. If allowed to accumulate, these embedded
clectrons can detlect the path of the e-beam, thereby result-
ing 1in targeting errors. This “charging problem” does not
arise during the primary patterning operation (i.e., the resist
patterning prior to chrome etch), because of the continuous
chrome layer under the original resist layer. Specifically,
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because the chrome layer typically has an external connec-
fion to ground during the patterning operation, the chrome
layer provides an electrical conduction path that serves to
dissipate any charge buildup 1n the resist layer.

However, during the phase level patterning operation, the
chrome layer 1s no longer continuous. At each aperture in the
chrome layer, the secondary resist layer 1s formed directly on
the non-conducting quartz substrate. Consequently, charge
buildup in the secondary resist layer at the chrome aperture

locations has no dissipation path. This charging issue 1is
especially problematic because the chrome aperture loca-
tions are precisely the regions that need to be exposed during
the phase level patterning operation. This problem 1s 1llus-
trated 1n FIG. 3, which depicts the phase level patterning
operation shown 1n FIG. 1D, but with an e-beam exposure
process rather than an optical exposure process. As shown 1n
FIG. 3, as the e-beam scans across a target region 140b of
resist layer 140, charges (i.e. electrons) build up in the resist.
Because target region 1406 overlies chrome aperture 1125,
and 1s actually contacting non-conducting quartz substrate
111, there 1s no dissipation path for the electrons in target
region 140b. Therefore, a local charge develops that can
eventually detlect the incoming e-beam off its intended path,
and thus lead to 1naccurate patterning of resist layer 140.

Conventional attempts to overcome this charging issue
incorporate the temporary addition of a conductive layer
over the secondary resist layer. FIGS. 4A—4D show a
method that can be used to enable the use of an e-beam tool
to perform the phase level patterning operation. FIG. 4A
shows a patterned chrome layer 412 on a quartz substrate
411. Chrome layer 412 includes apertures 412a and 4125,
formed 1n previous process steps substantially similar to
those described 1n relation to FIGS. 1A-1C. A secondary
resist layer 440 1s formed over chrome layer 412, and a
temporary conductive layer 450, such as a metal layer or
conductive polymer layer, 1s deposited over secondary resist
layer 440. Conductive layer 450 can be penetrated by the
e-beam, and so does not interfere with the exposure of
secondary resist layer 440 during the patterning operation.
At the same time, conductive layer 450 provides a charge
dissipation path for any electron buildup 1n secondary resist
layer 440, thereby preventing localized effects on e-beam
targeting. Therefore, the e-beam tool can accurately expose
a desired portion 440a of secondary resist layer 440.

After the exposure step, conductive layer 450 must be
removed using an appropriate process (€.g., an etch process
for a metal layer, a solvent strip process for a conductive
polymer), as shown in FIG. 4B. Once conductive layer 450
1s removed, exposed portion 440a of secondary resist layer
440 can be developed away, uncovering phased aperture
412b but leaving in-phase aperture 412a covered, as shown
in FIG. 4C. A quartz etch process can then be performed to
create a quartz pocket 4115 under aperture 412b, after which
secondary resist layer can be stripped, leaving in-phase
aperture 412a and phased aperture 412b properly
configured, as shown 1n FIG. 4D. Of course, a post-
processing wet etch step could then be performed to improve
PSM performance.

While the aforementioned process does allow the more
accurate e-beam exposure tool to be used for the phase level
patterning operation, additional conductive layer formation
and removal steps are required. This undesirably adds both
cost and complexity to the mask making process. In
addition, the process can be further complicated 1f a barrier
layer 1s required between secondary resist layer 440 and
temporary conductive layer 450 to prevent interactions
between the two layers during formation or removal of
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conductive layer 450. Accordingly, 1t 1s desirable to provide
a method for efficiently producing a PSM photomask that
permits e-beam tool usage during the phase level patterning,
operation without mtroducing additional process steps.

SUMMARY

The present mvention provides a method for producing a
PSM photomask that allows the use of an e-beam exposure
tool during the phase level (secondary) patterning process,
thereby enabling higher precision patterning than 1s avail-
able with optical exposure tools. The invention avoids the
secondary resist layer charging problem typically associated
with e-beam exposure tools by providing a conductive layer
on the quartz surface that dissipates any charge buildup
during phase level patterning.

A method for producing a PSM photomask 1n accordance
with an embodiment of the 1nvention incorporates a photo-
mask blank that includes an extra conductive layer between
the chrome (pattern) layer and the quartz substrate. Such
blanks are sometimes used as calibration blanks to measure
pattern placement errors 1n e-beam exposure tools, but are
not used as photomask blanks (i.e., are not used to produce
actual photomasks). The added conductive layer is typically
opaque, and must be removed at the apertures patterned 1nto
the chrome layer—an undesirable extra step in conventional
mask making processes.

According to an embodiment of the invention, the resist
layer of a conductive mask blank i1s patterned using an
c-beam exposure tool with the in-phase and phased features
of an IC layout. The pattern 1s then etched into the chrome
layer, leaving the conductive layer intact. A second resist
layer 1s formed over the patterned chrome layer, and 1is
patterned to uncover the phased features in the chrome layer.
This phase level (secondary) patterning operation is per-
formed using an e-beam exposure tool, since the continuous
conductive layer provides a charge drainage path for any
clectron buildup 1n the second resist layer. As noted
previously, an e-beam tool advantageously provides more
accurate patterning than an optical exposure tool.

After the phase level patterning operation, an anisotropic
ctch etches through the conductive layer and creates pockets
in the quartz substrate under each phased feature in the
chrome layer. The depth of this “phase level etch” 1is
dependent on the wavelength of the exposure radiation, the
index of refraction of the quartz substrate, and the relative
ctch rates of the conductive layer and quartz substrate. By
ctching to the proper depth at this stage, proper PSM
functionality will be provided by the final photomask.

After the anisotropic etch, the second resist layer is
stripped, and an 1sotropic etch 1s performed through both the
in-phase and phased features 1n the chrome layer to com-
plete the PSM photomask. As noted previously, the purpose
of this anisotropic etch step 1s to undercut the features 1n the
chrome layer to reduce diffraction-induced intensity varia-
fions 1n the 1mages projected by the final mask. However,
this “post-processing” step also eliminates any problems
associated with the opacity of the conductive layer. Because
the 1sotropic etch removes the conductive layer at the
in-phase features in the chrome layer, and because the
previous anisotropic etch removed the conductive layer at
the phased features, the conductive layer 1s completely
removed from the path of the exposure radiation through the
photomask.

According to another embodiment of the invention, an
anisotropic etch can be performed through both 1mn-phase and
phased features in the chrome layer after the phase level
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ctch. A subsequent 1sotropic etch provides the desired under-
cutting at the features 1in the chrome layer. The additional
anisotropic etch results 1in reduced quartz substrate thickness
at both the in-phase and phased chrome features, thereby
enhancing equalization of transmitted radiation intensity.

According to another embodiment of the invention, a
blank having a “visually transparent” conductive layer can
be used to create a PSM photomask. Indium oxide doped
with tin oxide, or “ITO”, 1s transparent at visible wave-
lengths (i.e., visually transparent), but is opaque to the short
wavelength radiation used by mask patterning tools. Display
manufacturers often use a layer of ITO 1n their flat-panel
displays to provide electrical routing capability without
interfering with the 1maging properties of the display. A
PSM photomask blank 1n accordance with an embodiment
of the invention could therefore be made with a layer of ITO
between the chrome layer and the quartz substrate. By
making use of such a blank, the phase level etch can be an
1sotropic etch, since the conductive layer at the in-phase
features 1n the chrome layer allows good transmission of the
exposure radiation used in lithography process steps. Note
that the depth of the phase level etch under the phased
chrome features must account for any difference in the
indices of refraction of the transparent conductive layer
material and the quartz substrate.

In this manner, the charging 1ssue associated with con-
ventional PSM photomask-making operations can be over-
come. The resultant improved patterning precision 1s
achieved without requiring additional conductive layer for-
mation and removal operations, greatly simplifying the
mask making process. Consequently, there 1s much less
chance for defect formation, providing a much more robust
process. The present invention will be more fully understood
in view of the following description and drawings.

BRIEF DESCRIPITION OF THE DRAWINGS

FIGS. 1A-1H diagram a conventional method for pro-
ducing a PSM photomask.

FIGS. 1I-1M diagram an alternative method for produc-
ing a PSM photomask.

FIG. 2 1s a diagram indicating diffraction effects that
occur 1n a PSM photomask during use.

FIG. 3 1s a diagram 1ndicating the charging 1ssue associ-
ated with the use of e-beam exposure tools 1 a conventional
phase level patterning operation.

FIGS. 4A—4D demonstrate a conventional workaround to
enable the use of e-beam exposure tools for phase level
patterning in a PSM photomask-making operation.

FIGS. 5A-5H diagram a method for producing a PSM

photomask using a conductive blank 1n accordance with an
embodiment of the invention.

FIGS. 5I-5K diagram a method for producing a PSM

photomask using a conductive blank 1n accordance with
another embodiment of the invention.

FIGS. 5L-5M diagram a method for producing a PSM
photomask using a conductive blank having a wvisually
transparent conductive layer, in accordance with another
embodiment of the invention.

DETAILED DESCRIPTION

FIGS. SA-5H show a method for creating a PSM photo-
mask 1n accordance with an embodiment of the invention.

By enabling the use of an e-beam tool, rather than an optical
exposure tool, during the phase level patterning operation,
the invention allows finer PSM patterns to be formed 1n the

PSM photomask.
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FIG. 5A shows a primary patterning operation being
performed on a conductive blank 510. In accordance with an
embodiment of the invention, conductive blank 510 com-
prises a multilayer structure including an original resist layer
514 formed over a pattern layer 513, and a conductive layer
512 formed between pattern layer 513 and a quartz substrate
511. Pattern layer 513 can comprise any pattern layer
material, such as chrome, 1iron oxide, or various chemical
emulsions. Conductive blank 510 differs from conventional

photomask blanks because of the inclusion of conductive
layer 512, which can comprise any electrically conductive
material, including electrically conductive polymers (such
as TQV or ESPACER 100) and electrically conductive metal

oxides (such as the aforementioned ITO).

During the primary patterning operation, an e-beam tool
exposes regions 514a and 514b of original resist layer 514,
which correspond to complimentary PSM features in the
final mask pattern. Any charge buildup in original resist
layer 514 due to the e-beam exposure process can be
dissipated by pattern layer 513. Exposed regions 514a and
514b are developed away, and an etch process 1s performed
on the exposed portions of chrome layer 513, as shown 1n
FIG. 5B. Note that while an anisotropic etch process 1s
indicated in FIG. 5b, an 1sotropic etch process could also be
used.

Various endpoint detection methods can be used 1n this
ctch process to ensure that conductive layer 512 1s left
substantially intact. For example, the composition of the
plasma 1n the etch chamber can be monitored, and the etch
process stopped when emission wavelengths related to chro-
mium by-products disappear. Alternatively, the reflectivity
of the etched surface can be monitored and the etch process
stopped when the reflectivity of the conductive layer is
detected. In any case, some amount of the conductive layer
thickness can be etched away without detriment to the
overall process, as long as the conductive properties of the
conductive layer are not interrupted (i.e., the conductive
layer is not etched all the way through). Original resist layer
514 1s then stripped away, thereby leaving patterned pattern
layer 513 with apertures 5134 and 513b, as shown 1n FIG.
5C.

At this stage, the entire layout pattern 1s contained 1n
chrome layer 513. To complete the PSM photomask, the
thickness of quartz substrate 511 must be etched to the
proper depth under the out-of-phase (“phased”) portions of
the layout pattern. A secondary resist layer 540 1s therefore
deposited over patterned pattern layer 513, as shown 1n FIG.
SD. A phase level patterning operation 1s then performed
using an e-beam exposure tool, exposing a portion 5405 of
secondary resist layer 540. Portion 540b overlies a portion
of pattern layer 513 including aperture 513bH. Any charge
buildup 1n secondary resist layer 540 due to the e-beam
exposure process 1s dissipated by conductive layer 512,
ensuring an accurate patterning process.

Next, a dry etch process 1s performed through exposed
aperture 5135 1 pattern layer 513. The dry etch process 1s
anisotropic and etches through conductive layer 512 and into
quartz substrate 511. Note that no etch 1s perfectly
anisotropic, and the anisotropy of conductive layer 512 can
be different than that of quartz substrate 511, leading to
slightly different undercut widths for the two layers.
However, the effect of this etch differential 1s
inconsequential, and would have a minimal effect on the
performance of the final PSM photomask. The only require-
ment on the dry etch process itself 1s that it have a selectivity
to resist (i.e., resist layer 540) and the material of pattern
layer 513 (e.g., chrome). The actual etching of conductive
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3

layer 512 and quartz substrate 511 1s governed by aperture
513b, since the phase level patterning operation simply
removes a region of secondary resist layer 540 that sur-
rounds aperture 513b.

After the dry etch process, which creates a pocket 5115 1n
quartz substrate 511, secondary resist layer 540 1s stripped,
as shown 1 FIG. 5F. Quartz pocket 5115 1s configured to
extend a depth d1 below the surface of conductive layer 512.
A wet etch 1s then performed on conductive layer 512 and
quartz substrate 511 through apertures 513a and 513b of
pattern layer 513 to form a completed PSM photomask
500/, as shown 1n FIG. 5G. This 1sotropic etch process
ctches through conductive layer 512 and into quartz sub-
strate 511 under aperture 5134, thereby undercutting pattern
layer 513 1n the process. At the same time, the etch deepens
and widens the previously etched portions of conductive
layer 512 and quartz substrate 511 under aperture 513b.

By widening the etched areas under apertures 513a and
513b (i.e. undercutting pattern layer 513), the wet etch
minimizes diffraction-induced intensity variations caused by
the different quartz substrate thickness at the in-phase and
phased pattern layer apertures. The actual amount of wid-
ening would typically be determined empirically, although
mathematical models can also be used (generated, for
example, by a photolithography simulation program such as
TEMPEST, developed by the University of California at
Berkeley). The wet etch also sets the final phase transfer
characteristics of 1n-phase aperture 513a and phased aper-
ture 5135, as 1t etches downward 1nto quartz substrate 511.
For the two apertures to project images that are 180 degrees
out of phase, the thickness of quartz substrate 511 under
apertures 513a and 513b must differ by a “phase shift
thickness” ds. Thickness ds i1s defined according to the
equation:

ds=M(2n-1) [1]

where A 1s the wavelength of the exposure radiation (light)
to be used the PSM photomask and n 1s the index of
refraction of quartz substrate 511 at wavelength A.

According to a first embodiment of the invention, the etch
rate of conductive layer 512 1s the same as the etch rate
through quartz substrate 511. Therefore, the absolute differ-
ence between the etch depth under aperture 513a and the
ctch depth under aperture 513b remains constant throughout
the wet etch process, and the original (dry etch) depth dlI at

aperture 513b 1s equal to phase shift thickness ds.
According to another embodiment of the invention, con-

ductive layer 512 and quartz substrate 511 have different
ctch rates. In that case, the original depth dl would be given
by the equation:

d1=ds+dc(1-E2/E1) 2]

where dc 1s the thickness of conductive layer 512 (see
FIG. 5G), E1 is the etch rate of conductive layer 512, and E2
1s the etch rate of quartz substrate 511.

In this manner, a high-resolution PSM photomask can be
formed using an e-beam exposure tool for the phase level
patterning operation. While the formation of only a single
pair of complimentary PSM {features 1s shown in FIGS.
SA-5H, 1t 1s understood that the technique of the mvention
can be applied to PSM photomask patterns comprising any
number of in-phase and phased features.

As described previously, exposure radiation intensity
matching for the in-phase and phased pattern layer apertures
can be enhanced by increasing both the 1n-phase and phased
quartz pocket depths. FIGS. SI-5K show a method for
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producing increased quartz pocket depths according to an
embodiment of the invention. FIG. 51 shows an intermediate
stage 1n a PSM photomask-making process, wherein pattern
layer 513 has been patterned and quartz pocket 5115 has
been formed in the manner described 1n relation to FIGS.
SA-5F. However, rather than immediately performing the
wet etch shown 1n FIG. 3G, a second dry etch 1s performed,
this time through both pattern layer apertures 513a and
513b, as shown 1n FIG. 5I. The process etches through
conductive layer 512 and into quartz substrate 511 at aper-
ture 513a, while further etching quartz pocket 511b at
aperture 513b, as shown 1 FIG. 5].

As with the previously described wet etch, the original
depth d1 of the etch at aperture 513b (see FIG. 5I) must be
carefully controlled to ensure proper function of the final
PSM photomask. According to an embodiment of the
invention, the etch rates of conductive layer 512 and quartz
substrate 511 are equal, and so depth d1 1s equal to the phase
shift thickness ds (defined in equation 1). According to
another embodiment of the invention, the etch rates of
conductive layer 512 and quartz substrate 511 are not the
same, and depth dl 1s defined according to equation 2. In
either case, the quartz substrate thickness at apertures 513a
and 513b end up differing by phase shift thickness ds after
the second dry etch, as shown 1 FIG. 5].

A final wet etch 1s then performed through apertures 5134
and 513b to provide the desired chrome layer undercut and
produce completed PSM photomask 500%, as shown 1n FIG.
SK. Because quartz substrate 511 1s etched through both
apertures 513a and 513b, the absolute difference between
the quartz substrate thickness at the two apertures remains
constant at phase shift thickness ds. Proper phase-shifting
performance 1s therefore maintained, and exposure radiation
intensity matching 1s enhanced by the increased etch depth
and width.

According to another embodiment of the invention, a
conductive blank having a visually transparent conductive
layer could be used to eliminate one of the dry etch steps in
the mask-making process. For example, conductive layer
512 of conductive blank 510 shown in FIG. 5A could be
formed from ITO, using known ITO deposition techniques
used by flat panel display manufacturers.

FIGS. 5L.-5M demonstrate how such an “I'TO blank” can
be used 1n a PSM photomask-making operation, in accor-
dance with an embodiment of the mvention. FIG. 5L shows
an 1intermediate stage in a PSM photomask-making process,
wherein pattern layer 513 has been etched and secondary
resist layer 540 has been developed away over pattern layer
aperture 513b 1n the manner described 1n relation to FIGS.
SA-SE. Because I'TO layer 512 1s electrically conductive, 1t
allows an e-beam exposure tool to be used for the phase
level patterning operation. However, rather than subse-
quently performing a dry etch through aperture 513b, a wet
ctch 1s performed, depicted m FIG. SL. The process etches
through ITO layer 512 and into quartz substrate 511. Sec-
ondary resist layer 540 1s then stripped away, thereby
leaving completed PSM photomask 500, as shown 1n FIG.
SM. The wet etch simultaneously undercuts pattern layer
513 and etches quartz pocket 511b. Because ITO layer 512
1s visually transparent, the portion at aperture 513a does not
have to be removed. However, the depth of etched pocket
5115 must be si1zed to account for the refractive index of the
I'TO layer when performing the phase shifting calculations.
Note also that aperture 513a can be sized down (or up) to
further compensate for diffraction effects at aperture 5135
(due to pocket 511b) or transmission losses at aperture 513a

(due to ITO layer 512).
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Thus, a technique for producing a PSM photomask using,
an e-beam exposure process during the phase level pattern-
ing operation has been described. Although the mvention
has been described 1n connection with several embodiments,
it 1s understood that this invention 1s not limited to the
embodiments disclosed, but 1s capable of various
modifications, which would be apparent to a person skilled
in the art. For example, with creating a PSM photomask
from an ITO blank as described 1n relation to FIGS. 51.-5M,
a dry etch could be performed before the wet etch to provide
oreater control over the depth of quartz pocket 5115. Also,
quartz substrate 511 could be replaced with any similarly
transparent material. In addition, software 1n accordance
with the invention can be used to model, specity, or control
production of a PSM photomask from a conductive blank.
Thus, the invention 1s limited only by the following claims.

What 1s claimed 1s:

1. A method for creating a phase-shift masking (PSM)
photomask, the method comprising;:

patterning a photomask blank with a first pattern, wherein
the photomask blank comprises:
a transparent substrate;
a conductive layer formed on the quartz substrate; and
a pattern layer formed on the conductive layer,

whereimn the first pattern i1s etched through the pattern
layer, thereby forming a first aperture and a second
aperture; and

patterning the photomask blank with a second pattern,

wherein the second pattern 1s etched through the conduc-
tive layer and into the transparent substrate at the
second aperture, and

wherein a difference 1 a thickness of the transparent
substrate at the first and second apertures facilitates a
phase shift differential for the PSM photomask.
2. The method of claim 1, wherein the transparent sub-
strate comprises quartz.
3. The method of claim 1, wherein the pattern layer
comprises chrome.
4. The method of claim 1, wherein the photomask blank
comprises an e-beam exposure tool calibration blank.
5. The method of claim 1, the photomask blank further
comprising a {irst resist layer,

wherein patterning the photomask blank with the first
pattern comprises:
exposing the first pattern into the first resist layer, the
first pattern comprising a first feature and a second
feature;
performing a first etch operation to transfer the first
pattern 1nto the pattern layer, the first feature and the
second feature controlling the formation of a the first
aperture and a the second aperture, respectively, 1n
the pattern layer; and
stripping the first resist layer from the photomask
blank.
6. The method of claim 5, wherein patterning the photo-
mask blank with the second pattern comprises:

applying a second resist layer over the pattern layer;

exposing a the second pattern into the second resist layer,
the second pattern comprising a third feature positioned
over the second aperture;

developing away the third feature in the second resist
layer;

performing a second etch operation through the second
aperture; and

stripping the second resist layer from the photomask
blank.
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7. The method of claim 6, wherein the conductive layer
comprises a visually transparent layer.

8. The method of claim 7, wherein the conductive layer
comprises 1indium-tin-oxide.

9. The method of claim 7, wherein the second etch
operation comprises an 1sotropic etch process.

10. The method of claim 6, further comprising performing
a third etch operation through the first aperture and the
seccond aperture, the third etch operation removing the
conductive layer at the first aperture.

11. The method of claim 10, wherein the second etch
operation comprises an anisotropic etch process and the
third etch operation comprises an 1sotropic etch process.

12. The method of claim 11, wherein the second etch
operation comprises a first anisotropic etch process, the

method further comprising:

performing a third etch operation through the first aper-
ture and the second aperture, the third etch operation
comprising a second anisotropic etch process; and

performing a fourth etch operation through the first aper-
ture and the second aperture, the fourth etch operation
comprising an 1sotropic etch process.
13. The method of claim 1, wherein the second pattern 1s
ctched through the conductive layer at the first aperture.
14. A phase-shift masking (PSM) photomask comprising:

a transparent substrate;

a conductive layer formed on the transparent substrate, the
conductive layer being electrically conductive; and

a pattern layer formed on the conductive layer, the pattern
layer comprising a first aperture and a second aperture
for transmitting radiation in a first phase and a second
phase, respectively, the first phase and the second phase
being substantially 180 degrees out of phase, wherein
the first aperture 1s formed 1n at least the pattern layer,
and wherein the second aperture 1s formed in the
pattern layer, the conductive layer, and the transparent
substrate.

15. The PSM photomask of claim 14, wherein the trans-

parent substrate comprises quartz.

16. The PSM photomask of claim 14, wherein the pattern
layer comprises chrome.

17. The PSM photomask of claim 14, wherein the pattern
layer, the conductive layer, and the transparent substrate are
provided by a photomask blank.

18. The PSM photomask of claim 17, wherein the pho-
tomask blank comprises an electron beam exposure tool
calibration blank.

19. The PSM photomask of claim 14, the transparent
substrate having a first index of refraction n, the radiation
having a first wavelength A, and the transparent substrate
having a first thickness under the first aperture and a second
thickness under the second aperture, wherein the difference
between the first thickness and the second thickness 1s
substantially equal to A/(2n-1).

20. The PSM photomask of claim 14, wherein the radia-
tion exits the first aperture and the second aperture having a
first ntensity and a second intensity, respectively, the first
intensity and the second intensity being substantially equal.

21. The PSM photomask of claim 20, wherein the con-
ductive layer and the transparent substrate undercut the
second aperture.

22. The PSM photomask of claim 21, wherein the con-
ductive layer and the transparent substrate undercut the first
aperture.

23. The PSM photomask of claim 14, wherein the con-
ductive layer 1s visually transparent, and wherein the con-
ductive layer i1s 1ntact under the first aperture.
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24. The PSM photomask of claim 23, wherein the con-
ductive layer comprises indium-tin-oxide.

25. A photomask blank for forming a phase-shift masking
(PSM) photomask, the photomask blank comprising:

a transparent substrate for forming first portions of first
apertures;

a conductive layer for at least forming second portions of
the first apertures, the conductive layer being formed
on the transparent substrate; and

a pattern layer for at least forming third portions of the
first apertures and first portions of second apertures, the
pattern layer being formed on the conductive layer,

wherein a difference 1 a thickness of the transparent
substrate at the first and second apertures provides a
phase shift differential for the PSM photomask.

26. The photomask blank of claim 25, wherein the trans-
parent substrate comprises quartz.

27. The photomask blank of claim 25, wherein the pattern
layer comprises chrome.

28. The photomask blank of claim 25, wherein the con-
ductive layer 1s visually transparent.

29. The photomask blank of claim 28, wherein the con-
ductive layer comprises indium-tin-oxide.

30. The photomask blank of claim 25, wherein the con-
ductive layer comprises a conductive polymer.

31. A method for creating a phase-shift masking (PSM)
photomask from a blank comprising a transparent substrate,
a conductive layer formed on the transparent substrate, a
pattern layer formed on the conductive layer, and a first
resist layer formed on the conductive layer, the method
comprising:

patterning the first resist layer with a first pattern, the first
pattern comprising a first feature and a second feature;

performing a first etch operation to transfer the first
pattern into the pattern layer, the first feature and the
second feature controlling the formation of a first
aperture and a second aperture, respectively, 1n the
pattern layer;

stripping the first resist layer;
applying a second resist layer over the pattern layer;

exposing a third feature into the second resist layer, the
third feature being positioned over the second aperture;

developing away the third feature in the second resist
layer; and

performing a second etch operation through the second
aperture, wherein the second etch operation etches
through the conductive layer and into the transparent

substrate.
32. The method of claim 31, further comprising:

stripping the second resist layer; and

performing a third etch operation through the first and

second apertures.

33. The method of claim 32, wherein the third etch
operation through the first aperture etches through the con-
ductive layer and reduces the transparent substrate at the first
aperture to a first thickness, wherein the third etch operation
through the second aperture reduces the transparent sub-
strate at the second aperture to a second thickness, and
wherein radiation exits the first aperture and the second
aperture having a first phase and a second phase,
respectively, the first phase being substantially 180 degrees
out of phase with the second phase.

34. The method of claim 33, wherein the third etch
operation undercuts the pattern layer at the first aperture and
the second aperture.
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35. An integrated circuit (IC) produced by a process
comprising a photolithography operation, the photolithog-
raphy operation being performed using a phase-shift mask-
ing (PSM) photomask, the PSM photomask comprising;

a transparent substrate;

a conductive layer formed on the transparent substrate;
and

a pattern layer formed on the conductive layer,

wherein a first aperture extends through the pattern layer
and the conductive layer into the transparent substrate,
and

wherein a second aperture extends through at least the

pattern layer.

36. The IC of claim 35, wherein the pattern layer, the
conductive layer, and the transparent substrate are provided
by a photomask blank used to make the PSM photomask.

37. The IC of claim 35,

wherein radiation exits the first aperture and the second
aperture 1n a first phase and a second phase,
respectively,

and wherein the first phase and the second phase are
substantially 180 degrees out of phase.

38. The IC of claim 37, wherein the conductive layer and
the transparent substrate undercut the second aperture.

39. The IC of claim 38, wherein the conductive layer and
the transparent substrate undercut the first aperture.

40. A software program for producing a phase-shiit mask-
ing (PSM) photomask from a photomask blank, the photo-
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mask blank comprising a transparent substrate, a conductive
layer formed on the transparent substrate, and a pattern layer
formed on the conductive layer, the software program com-
prising:
means for associating a first etch specification with a first
feature 1n a pattern layer layout, the first etch specifi-
cation controlling a first etch process through the
conductive layer and into the transparent substrate at
the first feature.
41. The software program of claim 40, further compris-
ng:
means for determining the first etch specification based on
a plurality of reference values, the plurality of reference
values mcluding chemistry of the first etch process and
physical properties of the conductive layer and the
transparent layer.
42. The software program of claim 41, further compris-
Ing:
means for assoclating a second etch specification with the
first feature and a second feature 1n the pattern layer
layout, the second etch specification controlling a sec-
ond etch process into the transparent substrate at the
first feature and through the conductive layer at the
second feature.

43. The software program of claim 41, wherein the
software program controls an etch system.
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